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VUV Laser Spectroscopy 
of Trivalent Rare-Earth Ions in 
Wide Band Gap Fluoride Crystals 
Evangelia Sarantopoulou and Alciviadis-Constantinos Cefalas 
National Hellenic Research Foundation, Theoretical and Physical 
Chemistry Institute, Athens, Greece 
I. INTRODUCTION 
The absorption and the excitation spectroscopic characteristics of trivalent rare-
earth (RE) ions in the vacuum ultraviolet (VUV) and ultraviolet (UV) spectral 
regions, activated in wide band gap fluorine dielectric crystals, are due to transi­
tions between the levels of the 4f" single electronic configuration of the trivalent 
RE ion, and the levels of the 4f "~'5d mixed electronic configuration, where a 4f 
electron is promoted to a 5d localized level [1-3]. The 4fn ο 4f n~'5d electronic 
transitions are characterized by strong Frank-Condon factors with broadband 
absorption and emission spectra in the VUV and UV. In contrast, the intracon-
figurational 4fn —» 4fn transitions are parity forbidden. They are forced by the 
crystal field configuration mixing and they appear to be weak and sharp. 
There are two different experimental methods for exciting a trivalent RE 
ion in wide band gap dielectric crystals. The first method uses VUV lasers [4] 
and/or x-ray or synchrotron radiation [5,6]. This pumping arrangement has the 
advantage of populating the levels of the 4f "~'5d electronic configuration directly 
from the ground state of the trivalent RE ion, via one photon transition only. The 
subsequent de-excitation mechanisms within the 4f n"'5d electronic configuration 
efficiently populate the levels of the 4fn single electronic configuration of the 
trivalent RE ion [7-9]. They allow one to study the excitation dynamics and the 
structure of the levels of the 4f n"'5d electronic configuration of the trivalent RE 
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ions. The second method applies upconversion pumping arrangement with all 
solid state laser elements [10-12], which greatly simplifies the experimental ob­
stacles arising from the VUV pumping. The radiative interconfigurational d-f 
transitions of the RE activated ions, in the wide band gap of dielectric crystals, 
offer the possibility that these materials can be used in a variety of applications 
and for generating coherent VUV or UV light. This is attractive due to its relative 
simplicity in comparison to existing nonlinear methods using gases and mole­
cules. In the case of optically pumped LiYF4:Ce
3+
 and LaF3: Ce
3+
 crystals [13-
15], laser emission at 325 and 286 nm was obtained, respectively. Waynant and 
Klein [16,17] have reported the first laser action in the VUV from solid-state 
dielectric crystals. They used the LaF3:Nd
3 +
 dielectric crystal to generate laser 
action at 172 nm when it was optically pumped by incoherent light (emitted from 
excited Kr* molecules). With a different pumping arrangement using an F2 pulsed 
discharge molecular laser operating at 157.6 nm, coherent light from the same 
crystal at 172 nm was generated [18]. Fluorescent materials based on RE ions 
can also be used as high quantum efficiency phosphors [19], for plasma display 
screens and mercury-free light tubes [20-22], fast scintillators [23,24] and for 
light wave communications [25,26]. 
In addition to the above-mentioned applications, next-generation micro­
electronics circuits will have minimum dimensions below 100 nm. It is envi­
sioned that 157 nm laser lithography [27,28,28a] will be the next step in optical 
lithography. At 157 nm, under VUV illumination of the mask target, lithographic 
features with dimensions less then 0.10 μπι on the photoresist could be achieved. 
However, there are problems related to the design of the optical projection sys­
tem, due to the fact that the absorption coefficient of most materials in the VUV 
is large, yet, their optical properties degrade constantly with time under VUV 
irradiation. Up to now, only calcium fluoride seems to be promising as optical 
material for 157 nm photolithography, and the possibility of using wide band 
gap fluoride dielectric crystals, such as YF4 and LiCaAlF6, as optical elements 
for 157 nm photolithography was investigated. These materials could be grown 
from melts at lower temperature than CaF2 and they have similar physical proper­
ties, despite the fact that they are forming crystals of different symmetry than 
cubic. Doped or nondoped wide band gap crystals can be used as passive or 
active optical elements in the VUV: i.e., prisms, lenses, filters of variable and 
controllable attenuation [28, 28a]. 
All these applications depend on the development of new dielectric wide 
band gap materials, and the structure of the levels of the 4f n"'5d electronic con­
figuration that specify the d-f transitions of the RE ions. However, despite the 
early spectroscopic measurements of the f-d transitions [29], only limited infor­
mation is available in this field. A small amount of data has been taken and 
analyzed with the use of VUV lasers, x-ray, or synchrotron light sources by excit­
ing a common RE impurity in different dielectric fluoride crystal hosts. Investiga-
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tion of fundamental physical interactions in the crystal environment is of consid-
erable importance and will determine the response of these materials to VUV 
light. 
II. VACUUM ULTRAVIOLET SPECTROSCOPY: 
METHODS AND TECHNIQUES 
A. Molecular Fluorine Laser 
Investigating physical processes in the VUV requires the use of intense sources 
of photons in this spectral range. For a detailed investigation of the absorption 
spectrum, the emission characteristics of the sources are such that either the radia-
tion occurs as a continuum or the emission spectrum consists of closely packed 
lines. In addition, the continuous light sources should be stable with respect to 
time and the pulsed ones should have good pulse to pulse stability. In most experi-
mental cases, the available continua source suitable for ultraviolet absorption 
studies is molecular hydrogen. Its molecular spectrum extending from the visible 
to 100 nm is obtainable from a low-pressure positive column discharge. Continua 
spectra have likewise been taken from positive column discharges in rare gases, 
from 60 to 200 nm. At higher pressures, the continuum in helium discharges 
could be extended up to 400 nm. Tunable VUV radiation can be generated from 
nonlinear methods using frequency mixing in rare gases and metal vapors [SO-
BS] and nonlinear crystals [34,35]. However, the nonlinear methods are relatively 
complex and characterized by low conversion efficiency and low-output energy. 
The major breakthrough in this direction was made in 1973 with the intro-
duction of the excimer laser sources based on rare gas dimers. Strong dipole 
transitions between the bound electronic excited state and the dissociative ground 
state of diatomic clusters of Xe2, Kr2, and Ar2 in liquid, gas, or solid phase [36-
39] provided a new powerful radiation source in the VUV. These systems were 
characterized by high quantum efficiency in the emitted wavelength, high gain, 
and conversion efficiency. However, limited tunability and e-beam excitation to 
achieve population inversion imposes serious experimental restrictions on their 
use for spectroscopic applications. 
At the present time, very few laser sources are available in the VUV (Table 
1). Among them the ArF excimer laser with limited tunability at 193 nm [40,41], 
and the molecular fluorine laser at 157 nm [42-50], are the only efficient laser 
sources available on the laboratory scale. Laser transitions at 156.71, 157.48, and 
157.59 nm have been observed for the first time by Woodworm and Rice [42,43] 
in F2/He mixtures excited with an electron gun with high efficiency and in elec-
tric discharge-pumped lasers. The laser transition has been identified as of the 
3n2g —»
 3n2u type and is the same as for the laser transition of the 301.5-346 nm 
band in molecular iodine. The energy difference between the first two transitions 
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Population inversion is achieved commonly by electron beam 
(EB) or pulsed (PD) and continued (CW) plasma discharges. 
was attributed to de-excitation from two different rotational levels of the same 
vibrational level of the 3 n 2 g state to the
 3
Π2ι1, and the energy difference between 
the first and the third level to de-excitation from two different vibrational levels. 
The energy position of the 3Π„ electronic state was found to be 3 eV above the 
X'Xg ground state from electron-scattering experiments [51]. This state is 
slightly bound by 0.15 eV [52]. 
The energy position of the lower vibrational level of the 3 n 2 g state was 
found to be 11.62 eV above the X'Xg ground state [53], which is in agreement 
with theoretical calculations [54]. 
The kinetic scheme proposed [44] to explain the above transition in the 
plasma discharge assumes the production of metastable helium atoms He* and 





molecular clusters in the ground or excited states, which, finally, through effective 
collisions, either ionize the fluorine molecules or form atomic species: 
He„+ + F2 -» F 2
+
 + «He (n = 1,2,3) 
He? + F2 -» F 2
+
 + «He (n = 1,2) + e 
He„* + F2 -» F + F* + «He (η = 1,2,3) 
Low-energy electrons can efficiently generate atomic fluorine negative ions 
e + F2 -» F + F~ or e + F 2
+
 -> F + F* 
VUV Laser Spectroscopy in Fluoride Crystals 285 
and then 
F" + F 2
+




 -> F* + «He 
The final result of the atomic and molecular collisions is the formation of the F2 
molecules in their excited 3Π2„ electronic state: 
F* + F2 -> F 2 ( 3 n 2 g ) + F, F" + He F 2 ( 3 n 2 g ) + He 
Once the F 2 ( 3 n 2 g ) molecular species have been formed, they can be de-
excited by spontaneous and stimulated emission and by collision quenching. 
F 2 ( 3 n 2 g ) -> F 2 ( 3 n 2 u ) + fcv(157.6 nm) 
F 2 ( 3 n 2 g ) + e" -» F 2 ( 3 n 2 u ) + e" 
F 2 ( 3 n 2 g ) + F 2 -» 2F2 
Electron excitation [42] is a relatively complicated method in comparison 
to the pulsed fast discharge, using LC-inversion or charge transfer circuits (Fig. 
1) together with preionization of the gas mixture. Preionization is achieved by 
UV light, which is triggered a few nanoseconds before the main discharge 
[44,55,56]. As soon as the fast switch S (thyratron or spark-gap) closes (Fig. 1), 
the stored energy in the capacitor C2 is transferred into the discharge volume 
through the capacitors Ci. Double preionization (2 X 80 pins) of the laser volume 
ensures a uniform and stable main discharge. The electrodes were semicylidrical 
with round surfaces and no sharp edges, fabricated from stainless steel 316, 1 
cm wide and 80 cm long, spaced 2 cm apart. 
Good preionization in the circuit is essential to shape together with Rogow­
ski profile electrodes, which are relatively difficult to machine in comparison to 
the semicylindrical profile. Stability of the discharge main mode was also ensured 
by the low inductance of the discharge circuit of 60 nH, which gives a fast rise 
HV 
Figure 1 Schematic layout of the electric circuit of the ' 'charge transfer type' ' F2 laser. 
HV, high voltage; R, resistive load; S, spark gap; C|, C2, capacitors; A, preionization gap; 
G, ground. 
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time of the main charging voltage of 50 ns. The discharge volume is 100 X 1.5 X 
0.3 cm3, and this device can deliver 10 mJ at 157 nm per pulse at 2-3 atm total 
helium pressure. A typical pulse duration is of the order of 10-20 ns, and its 
spectral linewidth at FWHM is less than 0.05 nm [44]. The small signal gain 
coefficient of the previous pulsed discharge F2 laser has been measured using 
the passive cell absorption method at 2 atm of the helium buffer gas. It was found 
to be 3.2% cm- 1. This value was half that predicted by theory [47] considering 
only dissociative collision of the F2 molecules by either ion-ion recombination 
or energy transfer reaction and neglecting direct excitation of the F2 molecules 
by either electron impact or energy transfer from He* and He? molecules. 
The small signal gain coefficient using the oscillator-amplifier method was 
found to be of the same order of magnitude and the saturation intensity was on 
the order of 4.5 MW/cm2 [49,50]. Despite the fact that the value of the small 
signal gain coefficient at 157 nm is comparable to the value of the rare gas halide 
transitions of the excimer lasers up to 1988, the output energy at 157 nm never 
exceeded 15 mJ. This was mainly due to the presence of small amounts of organic 
impurities and air in the commercial gases and the experimental restrictions in 
raising the total gas pressure above 3 atm. The absorption coefficient of the air 
at 157 nm is higher than 200 cm"1 and therefore the net gain competed with the 
absorption losses. By increasing the pressure of the helium buffer gas to 8 atm, 
112 mJ per pulse were obtained by Yamada et al. [48]. 
Β. VUV Absorption Spectroscopy 
Absorption cross-sectional investigations in the VUV require adequate measure­
ment of the ratio of the incident to transmitted radiation. For atomic or molecular 
systems that exist in the gas state, accurate measurement of pressure and tempera­
ture is required. Measurement of the absorption coefficient of metal vapors is 
made even more difficult by the rapidity with which the reactive vapor attacks 
the windows of the absorption cell and by the high temperatures often necessary 
for the production of significant concentrations of the atoms. 
For many experimental systems, measurement of the absorption coefficient 
is prohibited in the wavelength region below the cutoff wavelength of the LiF 
window (Fig. 2). For other experimental configurations, the source discharge 
gases are separated from the detector and the sample areas by differential pump­
ing slits. In this case the cutoff wavelength is determined by the efficiency of 
the gas discharge and the cutoff wavelength of the monochromator and the photon 
detector (Fig. 3). 
The absorption spectra of trivalent RE ions in the VUV in wide band gap 
dielectric crystals are due to the 4fn —» 4fn"'5d electronic transitions between 
the ground state of the 4fn single electronic configuration and the Stark levels 
of the 4f""'5d mixed electronic configuration. Experimental apparatus for ob-
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Figure 2 Emission spectrum from a longitudinal stabilized low-pressure hydrogen col­
umn recorded with a secondary electron multiplier (SEM), of open configuration. The 
hydrogen lamp was sealed with an LiF crystal window and it was the only optical element 
between the VUV lamp and the SEM. With this experimental configuration, the edge of 
the conduction band of wide band gap dielectric crystals can be determined accurately. 
taining the absorption spectra consists mainly of a hydrogen VUV light source, 
the vacuum chamber where the crystal sample is placed, and the optical and 
electronic detection equipment (Fig. 4) [7]. The hydrogen light source operates 
in a longitudinally stabilized discharge mode. The discharge's high stability pro­
vides good signal-to-noise ratio (better than 2000). The optical paths of the light 
source and the fluorescence light beams are inside vacuum lines of stainless steel 
at 10 6 mbar pressure. 
The vacuum chamber where the crystal samples are placed is equipped 
with a cryogenic facility. The optical detection system consists of a VUV mono-
chromator, a solar blind photomultiplier, or a secondary electron multiplier 
(SEM). When a VUV photon is absorbed within the volume of the crystal sample, 
new VUV photons are re-emitted within the crystal at the same or different wave­
length due to spontaneous emission from the levels of the 4f "5d electronic con­
figuration of the trivalent RE ions. The intensity of the radiation within the crystal 
volume V depends on the position of the atoms within the crystal and the wave­
length [57]. 
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170 
wavelength (run) 
Figure 3 Emission spectrum from a longitudinal stabilized hydrogen lamp. No optical 
element was placed between the hydrogen discharge column and the secondary electron 
multiplier (SEM). The hydrogen flow through the discharge cell was controlled with differ­
ential pumping at different stages between the discharge and the SEM. 
3/(λ, χ) 
dx 
[N2 - NJFQ.) 
BhX 
Vnc1, 
/(λ, χ) (1) 
where N2 and Nt are the excited and the ground state populations of the atomic 
transition at λ, F(k)dX is the fraction of the transitions in which the photon fre­
quency lies in a small range dX about the wavelength λ, V is the total crystal 
volume where the interaction of radiation with matter occurs, Β is Einstein's 
coefficient, and η is the refractive index of the crystal. The solution of this equa­
tion is more complicated than it first appears because N2 and N, themselves de­
pend on the intensity of the radiation and hence on the position of the atoms 
inside the crystal and the wavelength of light. Eq. (1) takes the form 
9/(λ, χ) 
dx 
= [α(λ, χ) - β(λ, χ)]/(λ, χ) (2) 
where α(λ, χ) is the gain coefficient that describes photon generation through 
spontaneous emission and β(λ, χ) is the absorption coefficient. 
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CR 
(a) 
Figure 4 a. Schematic layout of the VUV absorption spectrometer. H, hydrogen supply; 
HV, high voltage; L, longitudinal stabilized hydrogen discharge W| 2: LiF windows; C, 
vacuum chamber; CF, cold finger; CS, crystal sample; CR, cryostat; MO, VUV monochro-
mator; S, slits; TM, turbo molecular pump; DE, detection electronics; SB, photomultiplier 
or secondary electron multiplier, b. X-UV and VUV absorption spectrometer at the Na­
tional Hellenic Research Foundation (Athens, Greece). Crystal samples could be cooled 
down to 10K with a closed circle helium cryostat. Further cooling to 4.2 Κ can be achieved 
with a specially constructed liquid helium cryostat. 
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The solution of Eq. (2) is 
/(λ, χ) = /(λ, χ = 0)el>^-^*nä* (3) 
Taking into consideration that the gain coefficient a(k, x) is proportional 
to the number density of the excited atoms N2(x) and thus proportional to the 
intensity of light 
a(k, χ) = α(λ)Ν2(λ, χ) Ν2(λ, χ) = cl(k, χ) 
Equation (3) then becomes 
/(λ, χ) = /(λ, χ = 0) exp^ [σ(λ)<:/(λ, χ) - β(λ, χ)] dx 
(4) 
(5) 
This equation can be solved using successive iterations. As zero order ap­
proximation we consider the case where there is no secondary photon generation 
and the absorption coefficient is independent on the position of the interacting 
atoms inside the crystal. In this case the solution of the equation takes its usual 
form (Lambert-Beer law) 
/<0)(λ, χ) = /(λ, χ = 0) exp 
β(λ, χ)] dx (6) 
Substituting Eq. (6) into Eq (3) we get /(,)(λ, χ) in first-order approximation. 
/ ( | ,(λ, χ) = /(λ, χ = 0) exp [σ(λ)<:/(λ, χ' = 0) e -β(λ).ν' 
Integrating the above equation and setting 




Equation (7) becomes 
/( | )(λ, χ) = /(λ, χ = 0) Fw(k, χ) e-^' e» 
The FW(X, x) term that describes deviation of the absorption processes from the 
law of Lambert and Beer is a function of wavelength and the crystal thickness. 
It describes photon emission through spontaneous emission within the crystal 
volume in first-order approximation. By measuring the photon intensity emitted 
from the crystal /(1)(/, JC) as a function of the crystal thickness, the F{l)(k, x), can 
be determined. 
In the case of "optically thin" samples, βχ <s: I, Eq. (9) takes the form 
7(1)(λ, χ) = /(λ, χ = 0) exp(äuc) « /(λ, χ = 0)(1 + αχ) (10) 
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Under these experimental conditions, the emitted photon intensity from the 
crystal is taking place through spontaneous emission processes and varies linearly 
with crystal thickness. Similarly when βχ 3> 1, "optically thick sample" Eq. 
(9) takes the form 
7(1)(λ, χ) « /(λ, χ = 0) eiw (λ)/β(λ)| /(λ, χ = 0) 1 + α(λ) 
β(λ) + Ο β(λ); (Π) 
In this case the emitted intensity from the crystal is independent on its thickness. 
For cases between Eqs. (10) and (11), the emission is reduced by self-absorption 
and care has to be taken to ensure that all the terms in the transfer equation are 
properly allowed for individual cases. When a single RE ion absorbs one VUV 
photon, the 4fn~'5d electronic configuration is populated and competition starts 
between radiative and nonradiative transitions. The excited ion decays to the 
different levels of the 4f ""^d electronic configuration and subsequently relaxes 
to the ground level of the 4f " electronic configuration with VUV or UV photon 
emission. It is therefore expected that the Fw(k, x) factor will be equal to unity 
for the spectral region where there is no photon emission. In this case, absorption 
processes inside the crystal sample fall within the validity of the Lambert and 
Beer's law [Eq. (9)]. For example, in the case of the LiYF4:Nd3+ crystal, sponta­
neous emission modulates the value of the absorption coefficient only in the spec­
tral range from 180 to 182 nm, since the crystal emits strongly in this spectral 
range when it is excited with VUV laser light at 157 nm [7]. 
ili. OPTICAL AND ELECTRONIC PROPERTIES OF WIDE 
BAND GAP FLUORIDE DIELECTRIC CRYSTALS 
DOPED WITH TRIVALENT RE IONS 
A. Electronic Properties of Wide Band Gap Materials 
The optical properties of the nondoped wide band gap dielectric crystals in the 
VUV are mainly due to transitions from electronic states between the valance 
and the conduction band. The high value of the absorption coefficient, for photon 
energies higher than the crystal's band gap, is due to transitions involving delocal-
ized electronic states in the conduction band, and arise from the crystal symmetry. 
The crystals' energy bands are formed from the energy levels of atoms when 
they are brought close together. On the other hand, local lattice imperfections, 
vacancies and other point defects, and dislocations bring about the formation of 
allowed states connected with the perturbation area. The electronic wavefunctions 
of such states are nonzero in approximately the same area where the perturbation 
exists. In other words, the electron is localized in the perturbation area. The 
smaller the perturbation energy, the greater the localization area. In this case, 
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transitions are taking place between the valance band and the localized states in 
the conduction band. The width of the band gap is proportional to the value of 
the exchange integral, the origin of which is the fact that the electrons may, 
with some probability, be located near any atom. The exchange integral can be 
calculated with perturbation theory and accepting electron states of an isolated 
atom as zero approximation for the solution of the Schrödinger equation for the 
electron in a periodic crystal field U(r). 
Ä» (12) 
H = - — Δ + U(r); U(r) = U(r + n) 
H\\l(r) = E\\f(r) 
.iL 
2m 
denoting the Hamiltonian of an isolated atom by 
h2 H
a











where V.d(r) is the potential energy of the electron in an isolated atom, Ea is the 
a energy level, and i|/
a
(r) is the wavefunction corresponding to E
a
. Solution of 
the equation for the atom is supposed to be known. The zero-order electron 
wavefunction in the crystal Ψ ( 0 ) (Γ) should be the sum of the atomic wavefunctions 
at the point r - m that satisfy the translational condition at the point r ± m, and 
η is the coordinate of an ion. 
ψ»)(
Γ
) = \ exp(ikm)\\f
a
(r - m) (14) 
f i ! 
Zero approximation of the wavefunction ψ*0) (r) enables the first approximation 
for the energy of the electron in the crystal field Ew to be calculated 
Ν £„ ^ Γ exp(ikp)Sp + C + ^ exp(ikp)A(p) 
Em = 
Ν Σ exp(ikp)Sp 
(15) 
where Sp is the overlapping integral that depends not on the coordinates of two 
ions, but also on the distance ρ between them 
ÌVa(r')VÀr' -P) = SP (16) 
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and A(p) is the exchange energy 
MP) = ίψ.*(Γθ Y^Va(r' -ή) + W(r') Ψ . ( Γ ' - pW (17) 
where W(r') is the periodic self-consistent lattice field 
W{r) = U{r) - Y^V
a
{r - n) (18) 
It 
A(p) is made up of the wave functions of two atoms separated by the distance 
p, with the physical meaning that the two atoms at distance ρ from each other 
may exchange electrons. The exchange proceeds through the field of all other 
atoms and the periodic self-consistent part of the lattice field W(r). Due to the 
exponential form of the atomic wavefunctions, the exchange takes place mainly 
between neighboring atoms. Electron exchange between any two atoms of the 
crystal takes place by way of chain of neighbor exchanges. Therefore, electrons 
are not localized near individual atoms but move freely through the crystal jump­
ing from one atom to another by the exchange process. From Eq. (15), the energy 
of the atomic electrons in a crystal field is revealed. When the interaction of the 
electrons with the ions and with the other electrons is taken into account, the 
energy levels are lowered by the amount C and split into a band of definite width. 
Because Sp == 0 when ρ Φ 0, we may write 
Em = E. + C + ^ exp(ikp)A„ (19) 
P 
For a simple cubic lattice like the LiF crystal, every atom has six nearest neigh­
bors with the coordinates oc[( 1,0,0), (-1,0,0), (0,1,0), (0,-1,0), (0,0,1), (0,0, 
— 1)]. Assuming exchange energy to be isotropic and neglecting electron ex­
change between distant atoms we obtain 
E([) = E
a
 + C + 24(cos k
x
a + cos k/ι + cos k.a) (20) 
The energy depends quasicontinuously on the wave vector k and changes from 





 + C + 6A 
E
mi = Ea + C-6A
 ( 2 1 ) 
Thus, as a result of the atomic interaction, the energy level of an isolated 
atom in a cubic crystal lattice drops by the amount C and splits into a band 12 
A wide. The energy band gap depends on the exchange energy A. But the ex­
change energy itself is dependent on the area of the overlapping of the wave 
functions: the more the atomic wave functions overlap, the greater will the ex-
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change energy be. It follows from here that energy levels corresponding to inner 
shell electrons do not split as intensely as those of the outer shells, since the 
inner shell electrons are localized in smaller areas of space. As the energy in-
creases, bands become wider and the gaps narrower. The higher a level, the lower 
it drops and the wider it spreads. This result is basic for explaining the dependence 
of the band gap width on the atomic number of the elements belonging to the 
same group. For example the width of the forbidden band between the valance 
and the conduction band for the metals Li, Na, K, Sc, and the halogens F, CI, 
Br I should decrease in the same order. 
Following the above arguments it is expected that the LiF crystal will have 
the widest band gap, among all the dielectric crystals, a fact that is verified from 
experiments. Optical transitions in the VUV might take place between the valance 
and the core band of the metal cations, which are formed of electron orbitals 
lying lower in energy than the ones forming the valance band (2p F"). In this 
case an electron is excited from the core band to the conduction band. The hole 
created in the core band relaxes very fast to the band edge and is subsequently 
annihilated by electron capture from the filled valance band. 
The conservation of energy in this case requires emission of a VUV or UV 
photon. The process is known as cross-relaxation [58] and it has been observed 
in different wide band gap dielectric crystals [59]. Band-to-band excitonic transi-
tions in the VUV have been observed in various wide band gap materials such 
as LiCaAlFf, [60] and LiYF4 [61] crystals doped with Nd3+ and Ho3+ ions, respec-
tively. In these cases, the peaks around 114, 118, and 112, 116, 119 nm might 
correspond to excitonic transitions between the valence and the conduction band 
of the host lattice. The exitonic transitions imply a large value of the index of 
refraction of fluoride crystals in the VUV, in agreement with previous measure-
ments [62-70]. 
Considering that the cut-off wavelength of the LiF window (which is placed 
in front of the hydrogen lamp and the solar blind photomultiplier) is at 110 nm 
(for commercial LiF windows 5 mm thick) (Fig 2.), the absorption spectrum 
between 113 and 120 nm indicates only the energy of the corresponding transi-
tions. The edge of the conduction band is extended over a relatively wide spectral 
range (113-120 nm). This situation reflects that the electron wavefunctions of 
the fluorine and the metal ligands are extended over a large range as is expected 
from the strong electrostatic nature of the corresponding bonds. The main contri-
bution at the value of the absorption coefficient in the spectral range from 110 
to 120 nm is from the absorption of light within the conduction band of the 
LiCaAlF6 crystal. The absorption within the conduction band of the LiCaAlF6 
crystals is at least one order of magnitude higher than the absorption within the 
4f 25d electronic configuration. As a consequence of the large value of the absorp-
tion coefficient in this spectral region, it falls out of the dynamic range of the 
absorption spectrometer and hence deviates significantly from its mean value. 
Optical transitions in the VUV are likewise taking place between the valance 
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and charge transfer bands situated inside the band gap of the host crystal. They 
are formed by strong electrostatic interactions between the d electron of the triva-
lent RE ions and the anions of the host crystal [71-74]. 
IV. VUV ABSORPTION SPECTROSCOPY OF TRIVALENT 
RE IONS IN WIDE BAND GAP FLUORIDE CRYSTALS 
When a particular atom or ion is surrounded by a symmetrical distribution of 
atoms or ions (ligands), many new properties emerge that were not present in 
the free atom case. There are two models for the treatment of such systems. In 
the first model the central atom is assumed to be surrounded by a distribution of 
charges that produces an electrostatic field at the position of the central atom. In 
this model (crystal field) there is no sharing of electronic charge between the 
central atom and the ligands. The second model treats the central atom and its 
ligands as if they were a single molecule (molecular-orbital method). In this 
case electrons are permitted to overlap. In most cases this model is treated by 
the methods of molecular-orbital theory. In both cases symmetry considerations 
are of great importance. The symmetry of the optical site determines the degener-
acy of the electronic states and the optical properties of the materials. In the case 
of wide-band-gap dielectric crystals doped with trivalent RE ions, the crystal 
field model is usually applied since it is simpler, and the optical properties of 
the RE ions are determined by the influence of the crystal field on the Hamiltonian 
of the free ion. 
In order to assign the dipole-allowed transitions between the Stark compo-
nents of the 4f "~'5d electronic configuration and the levels of the 4fn electronic 
configuration, the exact solution of the secular equation of the 4fn~'5d electronic 
configuration in the presence of the crystal field should be known [75,76]. How-
ever up to now, there have been no detailed theoretical calculations of the energy 
position of the levels of the 4f n"'5d electronic configuration. Crystal field calcula-
tions are carried out only to a low order of perturbation theory where the strongest 
perturbation is applied first, followed by the next strongest, etc. [77]. The exact 
theoretical treatment of the energy level problem of the 4f n~'5d electronic con-
figuration is difficult to address. Even for the simplest case of the Ce3+ ion, the 
crystal field for a d electron in a cubic symmetry requires 10 parameters for its 
characterization. In order to identify these from the experimental data, one must 
resolve and identify at least 11 spectral lines within the configuration. The number 
of lines within the configuration is large (20 for Pr3+, 3106 for Tb3+ ions) and 
as a consequence attempts to evaluate crystal-field parameters by fitting an experi-
ment are difficult. 
In principle, if one knows the radial wave functions of the ion in question, 
then the crystal field perturbation can be calculated and the energy levels can 
be compared with the experimental values. However, it is tedious to construct 
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wavefunctions of the electrons in the 4fn"'5d mixed configurations, and only 
qualitative interpretation of the absorption spectra has been available up to now. 
The early attempt of Dieke [29] to deduce the extent of the 4fn~'5d electronic 
configuration for each of the RE ions was made using experimental data and 
some observed regularities in the lanthanide spectra. The effect of the crystal 
field on the 4f ""' 5d electronic configuration is to lower its energy in comparison 
to the free ion case (Table 2). 
Various empirical methods have been developed [77] to interpret the VUV 
absorption spectra of the 4f n~'5d electronic configuration. These are based on 
the following principle. The energy difference Δ between two configurations dif­
fering by a single electron in the 4f configuration (e.g., 4fn and 4f n~'5d) is con­
stant for all the lanthanides. This allows the evaluation of the energies of different 
configurations for free ions with different ionization. Brewer [77] used this to 
estimate the energy of the lowest energy level of a given configuration, beginning 
with measured energies for neutral rare earths. For the 5d electronic configuration 
of the RE ions, the crystal field perturbation is stronger than the electron-electron 
interaction, due to the fact that the d electron is extended over a large distance 
and been far apart from the nucleus of the ion. In this case the effect of the crystal 
field is calculated first or simultaneously with the imposition of the Coulomb 
interaction followed by the spin-orbit interaction. For example for the D4 tetrago­
nal symmetry, the energy levels are the following: Γ<4), Γ(5), Γ(3), and Γ ω . 
When the spin and the spatial parts of the wave functions are coupled within 
the framework of the symmetry group of the RE ion, the number of the energy 
levels is described by the decomposition of the product representation of Γ(6) (spin 
part) with Γ(4), Γ(5), Γ<3), and Γ ω . The new energy levels now are the following: 
Γ
<7)
 (2B2), Γ<6) (Έ), Γ(7) (2E), Γ(7) (2B,), Γ(6) (2A,). In addition, when only one elec­
tron is present in the 5d orbital, as concerns the symmetry of the states produced 
by the combined action of the crystal field and the spin-orbit interaction, it 
makes no difference in which order the two perturbations are applied. The symme­
try group of the atom is no longer the three-dimensional rotation group because 
all directions in space are no longer equivalent. Instead, the symmetry is that of a 
point group containing a finite number of elements and is a subgroup of the three-
dimensional rotation group. An irreducible representation of the latter becomes 
reducible with respect to the lower symmetry point group. The spherical harmon­
ics are not any longer energy eigenstates and are transformed under the irreduc­
ible representations of the symmetry operators of the three-dimensional rotation 
group to its linear combinations. The effect on the states of the free atom is to 
remove degeneracy. The first-order energies are sensitive to the magnitude of the 
interactions and hence to the order in which they are applied. 
In the case where the Coulomb repulsion of the electrons or the spin-orbit 
interaction is the strongest perturbation, as in the case of the 4f" or the 4fn~' 
electronic configuration [78], which are well shielded by the 6p and the 6s elee-
Table 2 Energy Position of the Edge of Levels of 4f " '5d Electronic Configuration of Trivalent RE Ions 
Free RE,+ 
ions X 103 YF3 X 
RE3+ ion cm ' 103 cm"1 
Nd3+ 70.1 58.4 
Er3+ 75.4 64.3 






















BaY,F8 X CaF2 X KY3F,0 X 






Values are given as measured from the ground level of the 4fn electronic configuration in different crystal hosts. 
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tronic configurations, the transformation properties of the electronic wavefunc-
tions are well described by the three-dimensional rotation group 0+(3) and the 
spherical harmonics are basic functions for the representations D(l,(oc, β, γ) of 
the 0+(3). The subsequent application of the crystal field will further split the 
energy levels. 
Vacuum absorption and emission spectra of the trivalent RE ions in wide 
band gap fluoride crystals are due to the interconfigurational 4f "" '5d <-» 4fn transi­
tions of the RE ions. They have been interpreted by fitting the crystal field split­
ting of the d electronic configuration to the energy gaps in the ground multiplets 
of the 4f ""' core [79]. The high complexity of the energy level systems of the 
trivalent RE ions in the 4f "~'5d electronic configuration makes a detailed interpre­
tation of the observed spectra still impossible. This is mainly due to the fact that 
the wave functions of the two electronic configurations are transformed differ­
ently under the symmetry operations and the classification of spectral terms is 
rather difficult, since the selection rules for the angular momentum are no longer 
valid. 
A theoretical interpretion of the atomic spectra of the 4f n"'5d electronic 
configuration was based on the finding, that the interaction energy of the crystal 
field with the d electron exceeds the Coulomb interaction energy between the d 
and the 4fn ' electrons [80]. Energy states of the d electron are characterized by 
irreducible representations of the corresponding crystal symmetry group Γ(2). For 
the 4fn"' electronic configuration, L-S coupling is predominant and further split­
ting of energy levels is taking place (Table 3). The energy levels are characterized 
by the Γ(" index of the irreducible representation of the three-dimensional rotation 
group. 
For this method the electronic wave functions can be written in the form 
| SLjrm, Γ<2), αΓμ>, where μ is the number of the basis function of the irreduc­
ible representation Γ, and the index α identifies the representation Γ that appears 
several times in the direct product representation Γ(1) Χ Γ(2). 
A qualitative interpretation of the 4f n"'5d ο 4fn interconfigurational transi­
tions of trivalent RE ions in wide band gap dielectric crystals was made by 
Szczurek and Schlesinger [81]. They constructed spectral terms first (the selection 
rules for angular momentum are valid in this case), and then allowed for crystal 
field splitting. Because the electronic wave functions of the 4P" ' and 5d elec­
tronic configurations have different transformation properties, this approximation 
is expected to be valid for the situation in which a more or less uniform charge 
distribution of the ligands takes place within the unit crystal cell. This is possible 
provided that the radius of the d orbital is smaller than lattice constants. In this 
case, the electric field around the origin for a given distribution of ligands is more 
or less spherical. This situation partially restores the three-dimensional rotation 
symmetry of the 5d electronic configuration. As a first approximation, the 5d and 
4f ""' electronic configurations might well have the same transformation proper­
ties under the three-dimensional rotational group. 
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Table 3 Crystal Field Splitting of the Main Levels of the 4f2 Electronic 
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A uniform charge distribution could be the result of charge compensation 
from the F" ligands, or of the localized character of the d orbitals. For example, 
for a hydrogen-like atom, the expectation value of the radius of the electronic 
clound (r) is given by the formula 
<r) = g [ 3 n 2 - / ( / + 1)] (22) 
where η is the principal quantum number equal to 5, a 0 is the Bohr radius of the 
atom, ao = 0.053 nm, Ζ is the charge of the nucleus, and / = 2. For Nd 3 + , Tb 3 + , 
and Ho 3 + ions, the calculated values of the ionic radii are (r) ~ 0.028, 0.027, 
and 0.030 nm. The experimentally measured values for the three trivalent ions 
in CaF 2 are 0.11, 0.10, and 0.97 nm. Since the ionic radii of the F" ions are 0.136 
nm, and taking into consideration that the distance between two neighboring 
atoms is of the order of —0.5 nm (as in LiYF4 crystal), the spherical symmetry 
is expected to be restored partially by charge compensation from F~ ions and the 
localized character of the d orbital. Using this approximation, the number of 
experimentally observed transitions is in excellent agreement with the number 
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of theoretically expected 4f " —> 4f ° ' 5d dipole-allowed transitions for Nd3 + and 
Tb3+ ions [82,83]. (See Table 4.) 
A. Cerium (Ce3+, 4f1) 
The Ce3+ ion has only one electron in the d electronic configuration and therefore 
the spectroscopic assignment of the energy levels is simple. The free Ce3+ ion 
in the 4f electronic configuration has two energy levels—2F5/2,
2F7/2,—which are 
separated by 2253 cm"'. In the d electronic configuration it has also two levels— 
2D3/2,
 2D5/2—which are separated by 49,733 and 52,226 cm"' from the ground 
state, respectively. The crystal field splitting of the energy levels of the 5d elec­
tronic configuration depends on the site symmetry of the Ce3+ ions. The fivefold 
degenerate d level split into two levels with degeneracies 2 and 3. The d orbitals 
(z2, d
x
z — y2, dyz, dzx, and dxy) are the basis functions for the D(2) representations 
of 0+(3) group and the reduction of the D<2) into irreducible representations of the 
cubic group is Ε(Γ(3)) + Τ2(Γ(5)). Since E and T2 are two- and three-dimensional 
respectively, the energy levels associated with E and T2 are doubly and triply 
degenerate. When the site symmetry of the Ce3+ ion is further reduced to a tetrag­
onal D4 one, degeneracy of the energy levels is removed since the irreducible 
representations of the cubic group are reducible representations of the D4 group. 
The energy levels are split further and the degeneracy is removed: Ε (Γ(3>) = 2Αι 
(Γ( | )) + 2B, (Γ<3)), T2 (Γ(5>) = 2Α, (Γ(|>) + 2Β, (Γ(3)). The absorption spectra of the 
Ce3+ ions in dielectric crystal hosts are attributed to the dipole-allowed transitions 
between the 2F 5 / 2 ground state of the 4f electronic configuration and the energy 
levels of the 5d electronic configuration observed early mainly due to experimen­
tal reasons, since the Ce3+ ions absorb and emit in the UV [84-99]. Six strong 
interconfigurational dipole-allowed transitions have been observed [92,96]. Four 
transitions have been assigned to the interconfigurational 4f -> 5d electronic tran­
sitions of the Ce3+ ions of tetragonal site symmetry, and two to clusters formed 
by two or more Ce3+ ions. One more transition of low intensity corresponds to 
the eg level, which is doubly degenerate [97]. The remaining eg level indicates 
a strong localized vibrational structure [81]. In this case the electronic wavefunc-
tions of the Ce3+ ions do not overlap with the wavefunctions of the ions of the 
host lattice [99] and the strongest phonon lines are those corresponding to local­
ized phonon frequencies. 
B. Praseodymium (Pr3+, 4f2) 
Energy levels of the free Pr3+ ion in various electronic configurations such as 
4f2, 4f5d, 4f6s, and 4f6p have been analyzed by Sugar [100]. A comparison of 
all the third and the fourth spectra of the lanthanide ions show a similarity 
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throughout the series [101]. Energy levels of the 4f2 electronic configurations 
have been identified by comparing spectra in the vapor phase and in LaCl3:Pr
3+ 
crystals [102]. The lines arising from the 4f2 —» 4f5d transitions were identified 
in a series of exposures of sparks made with successively increasing current. The 
energy levels were assigned by comparing the level structure with that of the 
isoelectronic Ce2+ ion and from relative line intensities [103]. The free Pr3 + ion 
in the 4f5d electronic configuration has 18 energy levels, the lowest is the 'G4 
at 61,171 cm'1. The 3 G 3 A 5 ,
3 H 4 5 levels are excited through dipole-allowed transi­
tions from the 3 H 4 ground state of the 4f
2
 electronic configuration. The absorption 
spectra of the 4f2 and the 4f5d electronic configurations of the Pr3+ ions were 
studied previously in a number of crystal lattices [8,104-110]. If the Pr3+ ion is 
located at a C4v symmetry center, the
 3 G 3 A 5 and the
 3 H 4 5 energy levels are split 
for a total number of 35 Stark levels [81]. 
The number of absorption lines in CaF2:Pr
3+
 crystals is about half that, but 
some lines may be weak or superimposed on others. If only the strongest lines 
are considered, an additional selection rule Δ7 = AL is applied in the C4v symme­
try, the number of Stark levels is limited to 12, which is close to what was experi­
mentally observed [81]. In the case of a high concentration of the Pr3+ ions 
(higher than 0.01 at.%), the appearance of additional lines in the absorption spec­
trum is attributed to Pr3+ clusters and sites of additional symmetries. A typical 
VUV absorption spectrum for the KY3F|0:Pr3+ crystal for 0.1 at.% concentration 
of the Pr3+ ions at room temperature is indicated in Figure 5. 
The 4f5d electronic configuration in the free ion case is extended between 
61,170 and 78,776 cm - 1. The edge of the levels of the 4f5d electronic configura­
tion in various fluoride dielectric crystals is extended down to 44,440 cm"' and 
depends on the host material. For example, the edge of the levels of the 4f5d 
electronic configuration in LiLuF4 crystal hosts is at 45,100 cm"
1
 [8], in CaF2 at 
45,450 cm"1 [81], and in LaF3 at 49,995 cm"1 [110]. The 4f2 electronic configura­
tion of the Pr3+ ions consists of 13 energy levels. 'S0 is the highest one, which 
lies very close to the 4f5d electronic configuration. The energy position of the 
'S0 level is within the 4f5d electronic configuration for most of the cases. For 
the LaF3 crystal, the 'S0 level is situated 3000 cm"
1
 below the edge of the band 
[111], and hence it can be highly populated from the 4f5d electronic configura­
tion. A similar position of the 'S0 energy level is valid for the YF3 [24] and most 
of the oxide crystal hosts [112-114]. 
C. Neodymium (Nd3+, 4f3) 
The absorption spectrum of the trivalent Nd3+ ion in the VUV has been studied 
previously in different dielectric crystal hosts [4,7,10,61,81,82,109,115,116]. The 
energy position of the levels of the 4f 25d electronic configuration of the free Nd3+ 
ion can be estimated from data available for the isoelectronic Pr2 +. According to 
ë 
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Table 4 Number of Electric Dipole-Allowed Interconfigurational Transitions of Trivalent RE Ions Between the Ground State of the 
4f " Electronic Configuration and the Excited Terms of the 4f n"'5d Electronic Configuration 
Ion 
La 3 + 
Ce 3 + 
Pr3* 
Nd 3 + 
Pm 3 + 
Sm 3 + 
Eu 3 + 
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Dipole allowed transitions 
AS = 0, AL = 0 ± 1, i 
Terms in tetragi 
crystal field 
— 
r6 + r7 
Γ 2 + Γ 3 + Γ 4 + 2Γ 5 
2 Γ, + Γ, + Γ, + Γ 4 
2Γ 6 + 2Γ 7 
3 Γ 6 + 2Γ 7 
3Γ 6 + 3Γ 7 
Γ 2 + Γ 3 + Γ 4 + 2Γ 5 
2Γ, + Γ 2 + Γ 3 + Γ 4 
Γ, + 2Γ 2 + Γ, + Γ 4 
Γ 6 + Γ 7 
Γ„ + 2Γ 7 
2Γ 6 + 2Γ 7 
Γ 2 + Γ 5 
Γ 2 + Γ 5 
Γ 2 + Γ 5 
3Γ 6 + 2Γ 7 
\L = AJ 
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7 D 5 (5) 
7 F 6 (5) 
7 G 7 (5) 
6 G I 3 / 2 ( 1 1 ) 
6 H l 5 / 2 (10) 
6I,7/2 (9) 
Ή , (18) 
5 I 8 (14) 
5 K 9 ( H ) 
Ή
 13,2 (18) 
4I,5,2 (14) 
4K 1 7 / 2 (11) 
3 G 3 (13) 
3 H 6 ( 1 1 ) 
3 I 7 (9) 
2 D 5 / 2 (5) 
2F7,2 (5) 
2 G 9 / 2 (5) 
3P2 
Γ, + 2Γ, + Γ 3 + Γ 4 + 3Γ 5 
2Γ, + Γ 2 + 2Γ 3 + 2Γ 4 + 3Γ 5 
Γ, + 2Γ 2 + 2Γ 3 + 2Γ 4 + 4Γ 5 
3Γ 6 + 4Γ 7 
4Γ 6 + 4Γ 7 
5Γ 6 + 4Γ 7 
Γ, + 2Γ 2 + 2Γ 3 + 2Γ 4 + 4Γ 5 
3Γ, + 2Γ 2 + 2Γ 3 + 2Γ 4 + 4Γ 5 
2Γ, + 2Γ 2 + 2Γ 3 + 2Γ 4 + 4Γ 5 
3Γ 6 + 4Γ 7 
4Γ 6 + 4Γ 7 
5Γ 6 + 3Γ 7 
Γ, + 2Γ, + Γ 3 + Γ 4 + 3Γ 5 
2Γ, + Γ 2 + 2Γ 3 + 2Γ 4 + 3Γ 5 
Γ, + 2Γ 2 + 2Γ 3 + 2Γ 4 + 4Γ, 
Γ 6 + 2Γ 7 
2Γ 6 + 2Γ 7 
3Γ 6 + 2Γ 7 







The number of dipole-allowed transitions is calculated taking into consideration partial restoration of the spherical symmetry for the 5d electronic configura­
tion. The theoretical predictions are in excellent agreement with experimental results. 
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Figure 5 a. VUV absorption spectrum of the KY3Fl0:Pr
3+
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Sugar [117], 107 possible energy levels exist in the free Pr2+ ion of the 4f25d 
electronic configuration. Among them, only nine levels, 4f 2(3F)5d [4H7/2, 4H9 / 2, 
4H l l / 2] and 4f2(3H)5d [Ή 7 / 2 , 4 H 9 / 2 , Ή , ι / 2 , 4 I 9 / 2 , 4 I , l / 2 , 4 K l l / 2 ] , are excited from the 
ground level 4l9 / 2 of the 4f
3
 electronic configuration. In order to assign the dipole-
allowed transitions between the Stark components of the 4f 25d electronic con­
figuration and the levels of the 4f3 electronic configuration, the exact solution of 
the secular equation of the 4f 25d electronic configuration in the presence of the 
crystal field should be known. However up to now, there have been no theoretical 
calculations regarding the energy position of the levels of the 4f 25d electronic 
configuration. 
To find the total number of interconfigurational dipole-allowed transitions 
of the Nd3+ ions, spectral terms that arise from the 5d and the 4f orbital are 
formed, followed by calculation of the effect of the crystal field on the system's 
Hamiltonian. The crystal field divides these nine levels into a total number of 
40 Stark components for a C4v or S4 site symmetry. However if the selection 
rules for dipole transitions AS = 0, Δ/ = +1, — 1, AL = 0, + 1 , — 1, Δ7 = 0, 
+ l , - l ( 7 = 0-»y = 0 forbidden) and AJ = AL are applied, only 11 transitions 
remain after excitation from the ground level 4 I 9 / 2 and the 4f
 2(3F)5d [4K
n/2] level 
is the lowest. The 4f 2(3H)5d [4H7/2] level is the highest. In the case of Nd3+ ion 
in LiYF4 crystal hosts (C4tl space symmetry group, S4 point symmetry group of 
the Nd3+ ions), 11 Stark components are populated through dipole-allowed transi­
tions from the ground level 4 I 9 / 2 of the 4f
3
 electronic configuration, which is in 
excellent agreement with the experiments [82]. 
Therefore, the charge compensation and localized character of the d orbitals 
partially restore the spherical symmetry of angular momentum. In this case, the 
main effect of a strong crystal field is to lower the energy levels of the 4f n"'5d 
electronic configuration relative to the free ion case. The amount of shifting is 
directly correlated to the magnitude of the crystal field. The absorption spectrum 
was slightly broadened at room temperature compared to lower temperature (77 
K). The structure of the spectrum verifies the mixed character of the 4f 25d elec­
tronic configuration and partial restoration of the spherical symmetry. The absorp­
tion peak around 66,578 cm"1 probably has a weak additional contribution from 
the highly excited levels of the Nd3+ ion of the 4f 3(2F) electronic configuration 
[29]. In this experiment the band gap of the LiYF4 crystal host was estimated to 
be 86,900 cm"1 wide (for a 0.5 mm thick crystal). However, the value of the 
band gap is estimated to be wider for a thinner sample. The absorption band from 
115 to 118 nm has been observed for various host lattices. It was attributed to 
transitions between the valence and the conduction band of the host lattice. In 
condensed matter at room and low temperatures, dipole transitions between the 
ground level of the Nd3+ ion and the levels of the 4f 25d electronic configuration 
usually have a broad band structure, due to the wide spatial distribution of the 
electronic cloud. A similar response is expected for crystal hosts of different 
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symmetry. For example, in the case of the rhombic PFYK:Nd crystal (space group 
Pnam) [118], absorption spectrum showed that the 4f25d configuration levels 
split into nine main Stark components with maximum absorption at 56,212; 
58,423; 59,180; 62,606; 65,789; 66,906; 70,061; 74,174; and 79,878 cm"1, re­
spectively [82]. The absorption spectrum of the LiCaAlF6:Nd3+ crystal in the 
spectral range from 120 to 200 nm is likewise indicated in Figure 6. The peaks 
were assigned to strong dipole-allowed transitions between the 4 I 9 / 2 ground level 
of the 4f3 electronic configuration and the Stark components of the levels of the 
4f 25d electronic configuration. 
When the crystal field of trigonal symmetry is applied, on the 4KW2 level 
of the Nd3+ free ion, it splits it into three Stark components: 2(Γ(4) + Γ(5) + 
Γ
(6)), Γ(4), Γ(4). The %/2 level likewise splits into two Stark components by the 
trigonal crystal field: 2(Γ<4> + Γ<5) + Γ<6)), Γ(4>. The 4Η 7 / 2 splits into three Stark 
components: the Γ(4), Γ(4), (Γ<4) + Γ(5) + Γ(6)). Some of these components are 
degenerate and the degeneracy is removed within the 4f 25d electronic configura­
tion. In the case of trigonal symmetry, the dipole-allowed transitions between 
the ground state 4 I 9 / 2 of the 4f
3
 electronic configuration and the Stark components 
200 250 
wavelength (nm) 
Figure 6 Absorption spectrum of LiCaAlF6:Nd
,+
 crystal in the spectral region from 
120 to 250 nm. 
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of the 4f 25d electronic configuration are 20, in agreement with experimental ob-
servations. The peak at 115 nm corresponds to excitonic transitions between the 
valence and conduction band of the host lattice, suggesting a large value of the 
index of refraction, which is in agreement with previous measurements of fluoride 
crystals' than films in the VUV. 
D. Promethium (Pm3+, 4f4) 
Promethium is an artificial element that is highly radioactive. The 4f4 electronic 
configuration of Pm3+ ions has been investigated in LaCl3 crystals [119,120]. 
There are 107 and 386 levels of the 4f " and the 4f 35d electronic configurations 
respectively. In the free ion case, 5L6 is the lowest level of the 4f 35d electronic 
configuration. Six terms—the 5H (3), 5I, and 5K—are excited through dipole-
allowed transitions from the ground state 5I4 of the 4f4 electronic configuration. 
Fourteen dipole-allowed transitions are expected in the crystal field with tetrago-
nal symmetry. Free-ion calculations put the edge of the 4f35d electronic configu-
ration at 73,300 cm"1 and the 4f 34s electronic configuration at 111,000 cm"1 [2]. 
E. Samarium (Sm3+, 4f5) 
The energy position of the levels of 4f4 5d electronic configuration of free Sm3+ 
ion can be estimated based on the data available for isoelectronic Nd+ [120,121]. 
The free Sm3+ ion has 977 levels of 4f45d electronic configuration. Among them, 
only nine terms [four 6G, three 6H, and two 6I] are excited from the ground level 
6H5/2 of the 4f5 electronic configuration, giving 20 dipole-allowed transitions ex-
cited from the ground state. The lowest level of the 4f 45d electronic configuration 
is the 6Ln/2 one at 73,700 cm"1 above the ground state. The 4f5 electronic config-
uration of the free ion consists of 198 levels [81]. It has been analyzed in crystals 
[122,123]. Early measurements of crystal field splitting of single and mixed elec-
tronic configurations of Sm ions in various dielectric crystal hosts were attributed 
to the divalent Sm2+ ions [124-126]. The edge of the levels of 4f45d electronic 
configuration in LaF3 was at 58,000 cm"1 and extends well beyond the cut-off 
of the crystal host. The VUV absorption spectra of Sm ions in various dielectric 
crystal hosts, CaF2 [121,127] and LiYF4 [128], were interpreted as 4f5 -> 4f45d 
interconfigurational transitions of the trivalent Sm3+ ions. Absorption spectra of 
CaF2:Sm3+ are unique in that some spectral lines arising from thermally excited 
Stark levels of the 4f5 electronic configuration were observed at low temperatures 
[81]. The average spacing between zero phonon and vibronic lines is —486 cm"1. 
This frequency has been attributed to a local mode between the Sm3+ ion and its 
nearest-neighbor fluorine ions [129]. 
As already mentioned, the effect of the crystal field on the 4fn"'5d elec-
tronic configuration energy would be to lower its edge; various empirical methods 
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have been established [77], based on the following principle: The energy differ­
ence Δ between two configurations differing by a single electron in the 4f config­
uration (e.g., 4f" and 4f""'5d) is constant for all the lanthanides. Martin [130] 
estimated the Δ energy difference for neutral monovalent and divalent ions from 
a few measured values. Sugar and Reader [131] applied this principle to estimate 
trivalent ion differences using Martin's results. In the free ion case, the energy 
difference between the 4f45d and the 4f5 levels was estimated to be 76,000 ± 
2000 cm"' [77,130-131]. In the presence of the CaF2 crystal field, a depression 
of the upper configuration by about 18000 cm" ' towards the ground state is taking 
place [92]. Hence the edge of the levels of the 4f 45d electronic configuration in 
the presence of the CaF2 crystal field is expected to be at 58,000 ± 2000 cm
- 1
, 
in agreement with the experiments [121]. 
F. Europium (Eu3+, 4f6) 
The free Eu3+ ion has 1878 levels [81] of 4f55d electronic configuration. Among 
them, seven terms [two 7G, three 7F, and two 7D] are excited from the ground 
level 7 F 0 of the 4f
6
 electronic configuration, giving seven dipole allowed transi­
tions excited from the ground state. The lowest level of the 4f 55d electronic 
configuration is the 7K4, at 81,800 cm"' above the ground state
 7 F 0 of the 4f
6 
electronic configuration. The 4f6 electronic configuration of the free ion consists 
of 295 levels [81]. Comparison of the absorption spectrum of CaF2: Eu3+ ion 
with an energy level system of the free isoelectronic Sm2+ has been given by 
Schlesinger and Szczurek [121]. The so-called system difference 4f55d-4f6 in 
the free Eu3+ ions was estimated to be 85,500 ± 1000 cm"1. In the presence of 
the CaF2 crystal field, the first level of the 4f
 55d electronic configuration is ex­
pected to be at 67,500 ± 1000 cm - 1, which is in agreement with experimental 
observations [121]. The vibrational structure has been analyzed from the ab­
sorption spectrum and the separation from zero-phonon lines. Their vibronics 
were found to be ~452 cm - 1 and 486 cm"' [121]. The two values were attributed 
to the formation of centers of different site symmetry and clustering at higher 
concentration of the RE ions. Strong absorption of Eu3+ ions in LaF3 crystals 
between 200 and 300 nm has been attributed to interconfigurational transitions 
from divalent ions [2]. The 5d electronic configuration of the Eu2+ ion is calcu­
lated to begin at 33,900 cm"' and the 6s electronic configuration at 44,300 cm"1 
[131]. 
G. Gadolinium (Gd3+, 4f7) 
Crosswhite and Kielkopf have studied the free ion spectrum and identified several 
lines from the 4f65d electronic configuration occurring between 104,000 and 
122,000 cm"1 [132,133]. Despite the fact that Gd3+ ions in the 4f65d electronic 
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configuration have 2725 levels [81], only three among them are important if 
electric dipole-allowed transitions from the ground state are taken into considera-
tion, the 8P5/2,8P7/2, and 8P9/2. In free Gd3+ ions these levels are expected to be sep-
arated from the lowest energy level of the 4f 65d electronic configuration, 8H3/2, 
by about 8000, 9600, and 11,200 cm"1, respectively [132]. These three levels 
are spread over the energy range of 3200 cm-1. Separation between the extreme 
nonphonon lines in the absorption spectrum is about the same, namely 3600 cm"1 
[134]. The lowest energy level of the 4f65d electronic configuration 8H3/2, in CaF2 
is situated at 77,760 cm-1, in agreement with Loh's estimation at 78,000 cm"1 
[92]. In this work, the absorption lines at 77,890 and 79,710 cm"1 were assigned 
to spin-forbidden transitions. The spectrum of Gd3+ ions in CaF2 is exceptional 
in that it does not seem to exhibit the type of vibronic feature at about 490 cm"' 
from the parent zero phonon line that appears in the 4f —» 5d absorption spectra 
of all 10 other triply ionized rare earth ions in CaF2. 
H. Terbium (Tb3+, 4f8) 
The absorption spectrum of the trivalent Tb3+ ion has been studied previously in 
different crystal lattices [2,5,83,135]. The electric crystal field splits all the levels 
of single and mixed configuration. The number and the spacing of the components 
depend on the symmetry and intensity of the crystal field. Such splitting has been 
observed previously for the Tb3+ ion in other dielectric crystal host materials as 
well. For example, regarding the LiYF4:Tb3+ crystal (site symmetry C4h or S4), 
it was found that the electric crystal field splits the 4f 75d electronic configura-
tion into five main Stark components with maximum absorption at 46,700, 
51,500, 55,000, 60,600, and 80,900 cm 1 , respectively [135]. For the LaF3:Tb3+ 
crystal (C2 or D3h site symmetry), the electric crystal field likewise splits the 
levels of the 4f 75d electronic configuration into seven main Stark components 
with maximum absorption at 54,000, 55,500, 57,800, 58,800, 61,300, 65,800, 
and 73,000 cm"1 respectively [2]. In the case of the free Tb3+ ion, Dieke and 
Crosswhite indicated that the 4f 75d electronic configuration splits into two groups 
of levels, and the energy gap between them extends from 55,700 to 65,000 cm"1 
[29]. For the LaF3 crystal, the edge of the levels of the 4f 75d configuration is at 
50,000 cm"1 [19]; for the CaF, at 46,500 cm"1 [19]; and around 44,900 cm"1 for 
the LiYF4 crystal [18]. The edge of the levels of the 4f 75d electronic configuration 
in the case of the free Tb3+ ion is at 54,900 cm"1 [23]. 
According to Szczurek and Schlesinger [81], the 4f7 electronic configura-
tion of the Tb3+ ion is half-filled, and the lower energy level of the 4f 75d elec-
tronic configuration is the 8S7/2 one, which has zero total angular momentum. 
Therefore, in a pure L-S coupling the 5d electron does not interact with the 4f7 
shell. The interaction is taking place only through the crystal field. In this aspect 
the Tb3+ ion is similar to the Ce3+ ion, although the last one in the 5d electronic 
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configuration has an empty 4f shell. As a result, the low-energy part of the absorp­
tion spectrum of the Tb3+ ions in the 4f 75d electronic configuration should be 
quite similar to that of Ce3+ ions. The absorption spectra of LiLuF4: Tb
3+
 in the 
140-220 nm spectral range consists of a band displaying similar structure to 
the spectrum of Ce3+ ions in crystal field in the 180-320 nm spectral range. The 
separation between the extreme lines in the spectra is about 20,600 cm"1 for 
terbium and about 21,600 cm"1 for cerium. This experimental evidence supports 
the argument that in both cases the lowest energy-level system in the 4f""'5d 
electronic configuration is formed through the interaction between the 5d electron 
and the crystal field. Following this argument and taking into consideration that 
spherical symmetry is partially restored, the 4f7(8S)5d electronic configuration 
consists of two terms, the 9D and the 7D one, and only the 7 D 5 is populated 
through the electric dipole transitions from the 4f 8(7F6) ground level of the 4f8 
electronic configuration. The crystal field of tetragonal symmetry should split the 
7 D 5 level into eight Stark components (7D5 = Γ, + 2Γ2 + Γ3 + Γ4 + 3 Γ5). 
In order to find the relative energy position of the Stark components, it is 
necessary to construct the basic functions for the Γ,_5 irreducible representations, 
and then to calculate the matrix elements of the electrostatic potential on the Tb3+ 
ion, for each one of the eight Stark components. In this approximation, the total 
angular momentum, J, is the good quantum number (J-J coupling). However in 
order to avoid the lengthy calculations, a different approach can be applied that 
considers the orbital angular momentum of the d electron (L = 2) to be the good 
quantum number. In this first-order approximation, the Γ4 irreducible representa­
tion has the lowest energy in a tetragonal site symmetry. The next irreducible 
representation with higher energy to the Γ4, is the Γ5 one, followed by the Γ3 and 
the Γ,. The Γ2 and the Γ5 Stark components are double and triple degenerate. 
The degeneracy can be raised when the L-S coupling strength is strong enough 
within the levels of the 4f 75d electronic configuration. The splitting of the levels 
of the 4f 75d electronic configuration due to the L-S coupling is only few hundred 
wavenumbers, and this value is considerably smaller than the crystal field split­
ting. In the case of the LiYF4:Tb
3+
 ions, the eight Stark components of the 7 D 5 
level were assigned to the levels of the 4f 75d electronic configuration at 47,000, 
52,000, 54,400, 55,500, 55,900, 62,200, 64,300, and 67,500 cm"1 respectively 
[135]. We therefore assign the triple degenerate Γ5 Stark component to the energy 
levels at 54,400, 55,500, and 55,900 cm"1, and the double degenerate Γ, Stark 
component to the energy levels at 62,200 and 64,300 cm"1, respectively. The 
remaining three Stark components ΓΊ, Γ3, and Γ4 were assigned to the energy 
levels at 67,400, 52,000, and 47,000 cm"1, respectively. The next to the lowest 
8S level of the 4f75d electronic configuration is the 4f7(6P)5d one. The exact 
value of the separation between the 6S and the 6P levels of the 4f7 electronic 
configuration is not known exactly, but it might be assumed to be of the same 
order of magnitude as in the case of the Gd3+ ions, which is 32,000 cm"' [24]. 
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Figure 7 VUV absorption spectrum of K2YF,:Tb
5+
. 
The 4f 7(6P)5d electronic configuration has four terms that are excited from 
the 7 F 6 ground level of the 4f
8
 electronic configuration: the 7F 6,
 7 F 5 ,
7 G 7 and the 
7G 6 ones. The crystal field splits all these levels to a total number of 26 Stark 
components for a C4v or an S4 site symmetry. However, if the selection rules for 
dipole transitions AS = 0, AL = ± 1 , AL = 0, ± 1 , Δ7 = 0, ± 1 , (7 = 0 -> J = 
0 forbidden), and Δ7 = AL applied, only 14 transitions remain after the excitation 
from the ground level 7F6, which occupies the spectral region from 120 to 240 nm. 
A similar structure has been observed previously for the LiYF4: Tb
3+
 crystal 
in this spectral range [135]. The band gap of the LiLuF4 crystal was estimated to 
be 77,600 cnT ' wide. It is possible the levels of the 4f 75d electronic configuration 
overlap with the levels of the 4f76s electronic configuration below 120 nm [2]. 
The VUV spectrum of the Tb3+ ions in K2YF5 crystal hosts is indicated in Figure 
7. The spectrum is similar to that of the LiYF4:Tb
3+
 crystal [135]. 
I. Dysprosium (Dy3 +, 4 f 9 ) 
The 4f9 electronic configuration of trivalent dysprosium in LaF3 indicated a com­
plex structure. The edge of the levels of the 4f 85d electronic configuration of 
free trivalent dysprosium ions is calculated to be at 66,300 cm - 1 and at 99,100 
cm"
1
 for the 6s electronic configuration. The absorption spectrum of Dy3+ ions 
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in LaF3 indicates a complex structure [136] and accurate assignment of states 
has not been made above 24,000 cm"'. The VUV absorption spectrum of the 
Dy3+ ions in CaF2 begins at 175 nm and consists of many sharp zero-phonon 
lines and elaborately structured phonon side bands. There are two peaks in the 
VUV absorption spectrum of Dy3+ ions in CaF2 situated at 490 and 100 cm"1 
from their parent zero-phonon lines [137]. The peak at 490 cm"1 is attributed to 
a localized vibrational mode of the eight nearest fluorine neighbors of the Dy3+ 
ions. The vibration mode at 490 cm"' is present in CaF2 crystals doped with 
different RE ions such as Ce3+, Tb3+, and Ho3+ ions. 
J. Holmium (Ho3+, 4f10) 
The absorption spectrum of the trivalent Ho3+ ion was studied previously in a 
number of crystal lattices [2,7,81,138,139]. The electric crystal field splits all the 
levels of the single and the mixed configurations. Three Stark components of the 
levels of the 4f 95d electronic configuration were observed previously in the case 
of the BaY2F8 crystal host, with maximum absorption at 63,900 cm"1 (156.4 nm), 
67,800 cm"1 (147.4 nm), and 71,800 cm"1 (139.2 nm). The edge of the levels of 
the 4f95d electronic configuration was found to be at 63,100 cm"1 (158.4 nm) 
[139]. For the LaF3 and the CaF2 crystal hosts, the edges of the levels of the 
4f 95d electronic configuration for the spin-allowed transitions were found to be 
at 63,300 cm"1 (158.7 nm) and 64,100 cm"' (156.0 nm), respectively [2,138]. 
For the free ion case, the edge of the levels of the 4f 95d electronic configuration 
was found to be at 58,900 cm"' (169.5 nm) [29]. In the case of the single LiYF4 
crystal and for 0.1 at. % concentration of the Ho3+ ions, the edge of the levels 
of the 4f 95d electronic configuration for the spin-allowed transitions was found 
to be at 63,300 cm"1 (158 nm) [174]. In the spectral range from 120 to 158 nm, 
five main Stark components of the 4f 95d electronic configuration with maximum 
absorption at 64,800 cm"' (153.4 nm), 69,300 cm"' (143.5 nm), 73,200 cm"1 
(136.6 nm), 78,900 cm"1 (126.7 nm), and 84,100 cm"' (118.8 nm) were observed. 
In the spectral range from 158 to 170 nm, four main Stark components of 
the 4f95d electronic configuration with maximum absorption at 59,700 cm"1 
(167.5 nm), 60,200 cm"1 (166 nm), 61,200 cm"' (163 nm), and 61,900 cm"' (162 
nm) were likewise observed. They were assigned previously to spin-forbidden 
transitions [128]. This assignment was justified because of the low value of the 
absorption coefficient, in comparison to the value of the absorption coefficient 
for wavelengths less than 158 nm, and on the other hand because of the long 
lifetime (300 ns) of the corresponding transitions. The transitions between 58,800 
cm"' (170 nm) and 54,400 cm"1 (184 nm) were assigned to the 4f'° -> 4f10 
intraconfigurational dipole-forbidden transitions. 
The local maximum around 116 nm [175] is attributed to the transition 
between the valence and the conduction bands of the host lattice. From the ab-
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sorption spectrum it is estimated that the band gap of the LiYF4 crystal host is 
86,200 cm"' (116 nm) wide. This value is in agreement with the value of the 
band gap of 10.7 eV (115 nm) of the LiYF4 crystal, estimated previously from 
reflection spectra [3]. Indeed, the cut-off wavelength of the LiF window, which 
is placed in front of the hydrogen lamp and the solar blind photomultiplier, is at 
110 nm. The transmittance of the LiF window drops successively from its highest 
value at 120 nm, to zero at 110 nm when it is recorded using a secondary electron 
multiplier of open geometry without the LiYF4:Ho3+ crystal in the optical path. 
In this spectral region, there is only one local maximum at 112 nm. When the 
transmittance is recorded with the the LiYF4:Ho3+ crystal in the optical path, two 
new additional local maxima appear in the absorption spectrum from 110 to 120 
nm, one at 116 nm and the other at 118.8 nm. A local maximum around 116 nm 
appears as well in the absorption spectrum of LiYF4 crystals doped with Nd3+ 
ions [3,82]. Hence the position of the local maximum at 116 nm should be inde-
pendent of the RE dopands in LiYF4 crystal hosts and it is assigned to a transition 
between the valance and the conduction band of the LiYF4 crystal. 
There is not a sharp transition between the valance and the conduction 
band due to the delocalized nature of the conduction band. From the absorption 
spectrum, the oscillation strength of the transition between the valance and the 
conduction band increases as one shift in the wavelength scale from 122 to 116 
nm. For wavelengths less than 122 nm, the levels of the 4f 95d electronic configu-
ration of the Ho3+ ions are mixed with the delocalized levels of the conduction 
band of the crystal host, and the transmittance of the crystal decreases rapidly 
in this spectral region. Hence, the absorption spectrum between 110 and 122 nm, 
indicates only the position of the levels of 4f 95d electronic configuration inside 
the conduction band. In this case the value of the absorption coefficient cannot 
be calculated, because of the low value of the signal-to-noise ratio of the light 
source, which approaches unity. The absorption peak at 122 nm corresponds to 
the transition between the 5I8 ground level of the 4fl0 electronic configuration 
and the edge of the conduction band. Therefore the position of the 5I8 ground 
level of the Ho3+ ion is 4200 ± 800 cm"' above the top of the valance band of 
the LiYF4 crystal host, provided that the band gap of the LiYF4 crystal is 86,200 
cm-' wide. The local maximum at 118.5 nm likewise corresponds either to the 
transition between the ground 5I8 level and a Stark component of the 4f 95d elec-
tronic configuration inside the conduction band or to a transition from the ground 
5I8 level to a localized level inside the conduction band. 
K. Erbium (Er3+, 4f11) 
The edge of the levels of the 4f l05d electronic configuration of the Er3+ ions was 
calculated to be at 75,400 cm"1 [131]. The lowest level of the 4f l05d electronic 
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configuration is the 6L|7 / 2 and 79 dipole-allowed transitions are excited from the 
ground state 4 I l 5 / 2 of the 4f " electronic configuration. The absorption spectrum 
of the trivalent Er3+ ion in the VUV has been studied previously in a number of 
crystal lattices [1-3,9,81,140-141] and it was found to be rather simple, mainly 
because very few energy levels of the 4f l05d electronic configuration are within 
the band gap of the host material. Intraconfigurational VUV dipole-forbidden 
4f " —» 4f " transitions of Er3+ ions were observed in various dielectric crystals 
as well [142]. The edge of the levels of the 4f l05d electronic configuration in 
KY3F,o host was found to be at 60,850 cm"
1
. Five absorption bands of the 4f l05d 
electronic configuration have been observed in BaY2F8 hosts with the maximum 
of the absorption at 63,700, 67,900, 70,500, 73,400, and 74,600 cm"1. The edge 
of the levels of the 4f l05d electronic configuration in this crystal host was found 
to be at 61,900 cm"1, 58,000 cnT1 in LaF3 [2], and at 63,000 cirr1 in LiLuF4 
[9]. Five main Stark components of the 4f l05d electronic configuration have been 
observed as well in LiLuF4 hosts with the maximum of the absorption at 60,980, 
69,198, 71,422, 74,343, and 76,916 cm"1. The presence of an additional weak 
absorption band with maximum of absorption at 163 nm in LiLuF4 host has been 
observed as well by Devyatkova et al. [141] in KY3F|0 matrices at 164.4 nm. 
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Figure 8 VUV absorption spectrum of K2YF5:Er
3+
 crystals. 
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The VUV absorption spectrum of the Er3 + ions in K2YF5 crystal hosts is indicated 
in Figure 8. 
L Thulium (Tm 3 + , 4f 1 2 ) 
The edge of the levels of the 4f "5d electronic configuration of the free Tm3+ 
ions was estimated to be at 74,300 cirr1, and that of the 4f "6s electronic configu­
ration at 101,300 cm"1 [29]. The relative simplicity of the spectrum in various 
dielectric hosts arises because only some of the levels of the 4f "5d electronic 
configuration lay below the edge of the conduction band. The absorption spec­
trum of Tm3+ ions in LiLuF4 [135] indicates the presence of four bands with 
maximum of absorption at 63,300, 69,000, 73,000 and 76,500 cm"1, respectively 
and for the K2YF5 host the VUV absorption spectrum of the Tm
3+
 ions is indi­
cated in Figure 9. VUV absorption spectra of Tm3+ ions in different fluoride 
dielectric hosts have been analyzed by Szczurek and Schlesinger [143-145]. The 
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Figure 9 VUV absorption spectrum of the K2YF5:Tm
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 crystal. 
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relaxation paths are dependent upon lattice temperature. The temperature-
dependent lifetimes can be expected to occur as a result of phonon-assisted radia-
tive transitions. 
M. Ytterbium (Yb3+, 4f13) 
The free Yb3+ in the 4fl25d electronic configuration has 107 energy levels. 
Among these, some 20 levels have been measured from gaseous spectra [146] 
including the lowest 4H9/2 level. This enables one to make some limited compari-
son of the observed spectra of Yb3+ in different crystal hosts with the free Yb3+ 
energy levels [147-149]. The crystal field of the C4v symmetry splits the lowest 
4H9/2 level into five Stark levels. The separation between the extreme of these 
five lines is aboute 2100 cm-1. This value is about one order of magnitude smaller 
than the corresponding 4f"~'5d level splitting observed, for instance, in cerium, 
praseodymium, or terbium. This suggests that the interaction between the 5d 
electron and the crystal field is weak. 
IV. LASER-INDUCED FLUORESCENCE OF RE IONS 
IN WIDE BAND GAP FLUORIDE CRYSTALS AT 157 nm 
When the RE ion is excited from its ground level of the 4f " electronic configura-
tion to a given level of the 4f "~'5d electronic configuration, it populates the levels 
of the 4fn electronic configuration from the edge and the Stark components of the 
levels of the 4f n"'5d electronic configuration. This is a rather common response 
to photoexcitation of the trivalent RE ions in fluoride dielectric crystals, and it 
has been observed previously for other dielectric crystals doped with RE ions 
[9,82,150]. In this case competition starts between radiative and nonradiati ve 
transitions. The nonradiative transitions are faster and usually the ion will decay 
to the lowest of the 4f "~'5d levels. The transitions arising from the edge and the 
levels of the 4f "~'5d electronic configuration and the laser induced fluorescence 
(LIF) spectrum could be interpreted on the basis of four different processes: 
1. The formation of optically active RE centers of different site symme-
tries, which always are present at high concentration of the RE ions 
[151]. 
2. Direct 4f " '5d —> 4f " emission from the levels of the 4f n"'5d electronic 
configuration due to large energy separation of the 4f""'5d levels 
and/or weak electron [4f""'5d]-phonon interaction. 
3. Emission from the levels of the 4fn~'5d electronic configuration due 
to the repopulation of these levels via phonon trapping and reabsorp-
VUV Laser Spectroscopy in Fluoride Crystals 317 
tion of the lattice vibrations within the levels of the 4f n"'5d electronic 
configuration. 
4. Spin-forbidden transitions. 
Direct emission from the Stark components of the levels of the 4f n"'5d 
electronic configuration should be taking place only when: (1) two successive 
electronic levels are well separated by the combined energy of a few phonons 
(e.g., the phonon energy of LiYF4 crystal is between 140 and 500 cm"1 [152]); 
(2) the energy separation is larger than kT; and (3) the strength of the electron 
[4f95d]-phonon interaction is weak. 
For example, in the case of the Ho3+ ions, there are 1878 electronic levels 
of the 4f 95d electronic configuration in the energy range from 80,000 to 60,000 cm" '. 
Therefore, two successive electronic levels are separated by 11 cm"1 (assuming an 
even distribution of the electronic energy levels over the spectral range). Because the 
phonon energies of the LiYF4 crystal are higher than 150 cm-1 [153], there is a small 
probability of direct transitions between the Stark components of the levels of the 
4f95d electronic configuration and the levels of the 4f10 electronic configuration. 
The interconfigurational 4f 95d —> 4fl0 transitions in this case are taking place from 
the edge of the levels of the 4f 95d electronic configuration. 
For those of the RE ions with weak electron [4f n"'5d]-phonon interaction, 
the coupling strength of the interaction is described within the validity of the 
Born-Oppenheimer approximation. In this case, radiationless transitions within 
the levels of the 4f""'5d electronic configuration with a different set of good 
quantum numbers are forbidden. Therefore, the probability for interconfigura-
tional radiative transitions, which originate directly from the levels of the 4f "~'5d 
electronic configuration, is expected to be high for those of the RE ions where 
the electron [4fn"'5d]-phonon interaction is weak. This situation is confirmed 
by experimental observations in the case of the Tb3+ [83], Gd3+ [22], and Er3+ 
[9,128] ions. On the contrary, in the case of strong electron-phonon interaction, 
as for the Pr3+ [8], Nd3+ [82], and Ho3+ [7] ions, the rate of the internal relaxation 
within the levels of the 4f"~'5d electronic configuration is expected to be high. 
In this case the dipole-allowed transitions are expected to originate mainly from 
the edge of the levels of the 4f°"'5d electronic configuration. 
In addition, for those of the RE ions with strong electron-phonon interac-
tion [5,153-155], dipole-allowed transitions directly from inside the levels (Stark 
components) of the 4f""'5d electronic configuration could be explained on the 
basis of the repopulation of these levels through phonon reabsorption and trap-
ping within the levels of the 4f""'5d electronic configuration [82]. The repopulat-
ing process will cease when the trapped phonons escape from the active volume 
by frequency shifting through the dipole-allowed 4f n l 5d —> 4fn interconfigura-
tional transitions. Finally, the spin allowed and the spin-forbidden [150] intercon-
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figurational transitions can be explained on the basis of selection rules and rates 
of relaxation within the levels of the 4fn"'5d electronic configuration. 
A. Cerium 
There is much interest in Ce3+-doped ionic crystals for applications in UV scintil-
lators [150-160] and lasers [13-15,26]. Cerium trivalent ions in various dielec-
tric crystal hosts are characterized by excellent photochemical stability, high 
conversion efficiency, and low excited-state absorption coefficient. They also ex-
hibit broadband tunable positive gain in UV, such as in LiCaAlF6 crystal hosts 
[161,162]. Polarized luminescence and absorption spectroscopy of Ce,+ ions in 
dielectric fluoride crystals reveal the crystal field splitting of the 5d electronic 
configuration [93,163]. The luminescence spectra of Ce3+ in different dielectric 
fluoride crystal hosts consists of two bands due to transitions from the lowest 
Stark component of the 5d electronic configuration to the 2F5/2 and 2F7/2 levels of 
the 4f electronic configuration. 
B. Praseodymium 
The LIF spectrum of Pr ,+ ions in LiLuF4 single-crystal hosts [8] excited in the 
4f5d electronic configuration with the F2 molecular laser at 157 nm indicated 
that interconfigurational transitions mainly originate from the edge of the band 
of the 4f5d electronic configuration at 46400 cm"1 and spans the spectral range 
from 218 to 280 nm. Despite the fact that electron-phonon interaction within the 
4f5d electronic configuration is strong, the LIF spectrum indicated the presence of 
two weak bands around 200 and 170 nm. These bands were assigned to intercon-
figurational transitions from the Stark components of the 4f5d electronic configu-
ration at 53,200 and 63,400 cm*', respectively, and taking into consideration the 
energy gaps of the absorption spectrum (which are similar to the energy gaps in 
the absorption spectrum of the Tb3+ ions [83,135]). The two weak bands have 
been observed from the same crystal using x-rays as the excitation source [162]. 
UV fluorescence spectra using two photon excitation techniques have been re-
corded as well [163]. Luminescence spectra of Pr3+ ions in YF3 and LaF3 crystals, 
where the edge of the levels of the 4f5d electronic configuration is at 50,000 
cnT1, indicated that radiative interconfigurational transitions in the UV and the 
visible are taking place between the 'S0 energy level at 48,000 cm"1 and the lower 
energy levels of the 4f2 electronic configuration [24,111]. 
C. Neodymium 
In the case of VUV excitation of the YLF:Nd crystal, it was observed experimen-
tally that the emission spectrum depends on the excitation wavelength [115]. Two 
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peaks in this case were situated at 181.5 and 185.3 nm. The two peaks were 
observed in multiphoton and single photon laser excitation of the YLF:Nd crys­
tals as well [7,10,82], at right angle to the excitation axis. The two peaks were 
assigned to transitions from the low Stark component of the lower 4f 25d (4K,|/2) 
level of the Nd3+ ion to the levels of the 4f3 configuration. 
Indeed, when the crystal field is applied on the 4Kn/2 level of the Nd
3 +
 ion 
it splits it into three Stark components, Γ(8), Γ<7), and Γ(6), for a tetragonal site 
symmetry of the Nd3+ ion. The Γ(8) one is quadratic degenerate, 2(Γ(6) + Γ(7)) 
and its degeneracy is removed when the L-S coupling is strong enough within 
the 4f 25d electronic configuration. These levels occupy the spectral range from 
453 to 1700 cm - 1 above the low energy limit of the levels of the 4f25d electronic 
configuration, in agreement with findings by Thogersen et al. [10]. 
The broad band distribution of the electronic cloud near the edge of the 
band reflects the wide electronic character of the 4f25d (4K
n / 2) —> 4f3 dipole 
transition, with the maximum of the emission at 181.5 and 185.3 nm, respectively. 
The narrow emission peaks of the 180 nm band correspond to transitions from 
the Stark component of the 4f25d (4Κ
Π
/2) level to the Stark components of the 
4 I 9 / 2 , and "In« levels of the 4f
3
 configuration. The 4 I 9 / 2 level of the 4f
3
 configura­
tion is split into five Stark components at 1, 139, 180, 236, and 529 cm'1 [82]. 
The 4 Ι
Μ / 2 level of the 4f
3
 configuration is split into five Stark components at 1979, 
2015, 2056, 2221, and 2254 c m ' . At room and low temperatures all these levels 
should be populated from transitions that originate from the 4 K
n / 2 electronic level 
of the 4f 25d configuration, at 55,648, 55,096, and 54,495 cm- 1, respectively. In 
these experiments the linewidth of the 4f 25d —> 4f3 atomic transitions, should 
be less than 0.1 nm. This fact suggests that the emission cross section of the 
4f 25d -> 4f3 transitions along the optical axis of the crystal is —10 IS—10~]6 cm2, 
which is two or three orders of magnitude higher than the emission cross section 
of the 4f 25d -> 4f3 transitions observed along the directions perpendicular to the 
optical axis of the crystal. In the later case, the linewidth of the 4f 25d —> 4f3 
transitions was 8.5 nm [10,115], giving a value for the corresponding emission 
cross section of ~10~18 cm2. 
A possible mechanism to explain the structure of the LIF spectrum of the 
180 nm band could be phonon trapping within the levels of the Stark component 
of the 4K|i/2 level within the active volume of the crystal. This assignment is 
supported by the fact that the energy difference of 552 and 600 cnT ' between 
the Stark component of 4 K
n / 2 level reflects the energy difference (within the ex­
perimental error) between successive vibronic modes of the YLF:Nd lattice [82]. 
This process is taking place because of the efficient coupling between sites 
of the Nd3+ ions, through multipole or exchange interactions. The repopulating 
process of the higher vibronic modes will cease when the trapped phonons escape 
from the active volume by frequency shifting via the dipole-allowed 4f 25d —> 
4f3 interconfigurational transitions. 
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Figure 10 LIF spectrum of LiLuF4:Tb3+ following excitation at 157.6 nm. (From Ref. 
83.) 
The radiative lifetime of the transitions within the 180 nm band was found 
to be ~30 ns in agreement with previous measurements [4,6,164], using different 
crystal samples and measurements on VUV decay and energy transfer dynamics 
of Nd3+ ions [165] in various dielectric crystal hosts under x-ray and synchrotron 
excitation [166-168] for scintillation and laser [169,170] applications. 
D. Terbium 
Terbium trivalent ions are an interesting case since in a pure L-S coupling there 
is not interaction between the 4f7 and the 5d electronic configuration, the interac-
tion is only through the crystal field. On the other hand, partial restoration of the 
spherical symmetry of the 5d electronic configuration in the crystal field of the 
surrounding ligands is taking place. The LIF spectrum in the spectral range from 
150 to 270 nm under excitation at 157.6 nm, with the F2 laser, for 0.01 at.% 
concentration of the Tb3+ ion at liquid nitrogen temperature, is in Figure 10. The 
fluorescence peaks were assigned to the dipole transitions between the levels of 
the 4f7 5d electronic configuration and the levels of the 4f8 electronic configura-
tion of the Tb3+ ion [83]. When the Tb3+ ion is excited from its 4f8 (7F6) ground 
level to a given level of the 4f75d electronic configuration, the experimental evi-
dences indicate that it populates the levels of the 4f8 electronic configuration, 
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from both the levels and the edge of the 4f 75d electronic configuration. Direct 
emission from the levels of the 4f 75d electronic configuration could take place 
only when two successive electronic levels are well separated by the combined 
energy of few phonons, as mentioned previously. However, according to 
Szczurek and Schlesinger [81], there are 3106 electronic levels of the 4f75d elec­
tronic configuration in the energy range from 80,000 to 45,000 cm"'. This number 
corresponds to the energy level density of 13 electronic levels per wavenumber 
(considering an even distribution of the energy levels over the spectral range). 
Hence there is a small probability of direct transitions between the Stark compo­
nents of the levels of the 4f 75d electronic configuration and the levels of the 4f8 
electronic configuration. Therefore the LIF spectrum can be interpreted provided 
that repopulation of the levels of the 4f 75d electronic configuration is taking 
place. The repopulation occurs via phonon reabsorption and trapping within the 
levels of the 4f 75d electronic configuration. These kind of processes have their 
origin in the strong ionic coupling between two different Tb3+ ions through 
multipole or exchange interactions, and they have been observed previously for 
different crystal samples as well [172]. The repopulating process will cease when 
the trapped phonons escape from the active volume by frequency shifting via the 
interconfigurational transitions. Phonon trapping is usually detected by observing 
the fluorescent radiation from the excited levels to the ground state. In the case 
of weak electron [4f n"']-phonon interaction and/or spin-forbidden 4f n~'5d tran­
sitions, the phonon trapping and reabsorption processes compete with the nonra-
diative relaxation process within the levels of the 4fn_l5d electronic configura­
tion. In this case, the interconfigurational transitions from inside the levels of the 
4fn"'5d electronic configuration are strong enough, as for example in the case 
of the Tb3+, Gd3+, and Er3+ ions [172]. In the case of strong electron-phonon 
interaction, for example for the Nd3+ ion, the rate of the internal relaxation within 
the levels of the 4f "~'5d electronic configuration is higher than the rate of the 
phonon reabsorption within the levels of the 4fn~'5d electronic configuration. In 
this case, the dipole transitions originate mainly from the edge of the levels of 
the 4fn"'5d electronic configuration. 
As one finds from the LIF spectrum in Figure 10, the dipole transitions, 
between the 7 D 5 Stark components of the 4f
 75d electronic configuration and the 
levels of the 4f8 electronic configuration are due to the dipole transitions 7 D 5 —» 
7F4,5,6, which satisfy the selection rules for electric dipole transitions AS = 0, 
ΔΖ = + 1 , -l, AL = 0, + 1 , - 1 , Δ / = 0, + 1 , - 1 and AJ = AL. 
The emission band, which covers the spectral range from 220 to 253 nm, 
reflects the wide electronic character of the 4f 75d(7D5) —> 4f 8(7F0_6) dipole transi­
tions of the Γ4 Stark component of the levels of the 4f
 75d (7D5) electronic config­
uration. The interconfigurational transitions in this spectral range originate from 
the edge of the levels of the 4f 75d electronic configuration. From the LIF spec­
trum of [83], it was found that the energy position with the higher Frank-Condon 
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factor is at (45.2 ± 0.2) X 103 cm '. In this case the following assignments can 
be made regarding the observed dipole transitions (Fig. 11). 
4f 75d[7D5(r4), 45.2 X 103 cm"1] -> 4f 8( 7F 6, 0) + Av(221.2 nm) 
4f75d[7D5(r4), 45.2 X 103 cm"'] -» 4f8(7F5, 1.5 X 103 cm"') + /zv(228.8 nm) 
4f75d[7D5(r4), 45.2 X 103 cm"1] -^ 4f8(7F4, 3.1 X 103 cm"1) + /iv(237.7 nm) 
Besides the above-observed dipole-allowed transitions, dipole-forbidden transi­
tions [173] (Δ7 * 0, ±1) were observed from the Γ4 Stark component of the 
levels of the 4f 75d (7D5) electronic configuration. 
4f75d[7D5(r4), 45.2 X 103 c m 1 ] -> 4f8(7F3, 4.0 Χ 103 cm"1) + /zv(242.5 nm) 
4f75d[7D5(r4), 45.2 X 103 c m 1 ] -^ 4f8(7F2, 4.2 Χ 103 cm"1) + /zv(244.2 nm) 
4f75d[7D5(r4), 45.2 X 103 cm"'] -> 4f8(7F,, 5.0 Χ 103 cm"1) + fcv(248.5 nm) 
4f75d[7D5(r4), 45.2 X 103 cm"1] -> 4f8(7F0, 5.6 Χ 103 c m 1 ) + Av(252.7 nm) 
The position of the levels of the 4f8 electronic configuration of the Tb3+ ion in 
the LiLuF4, single-crystal host, is not known exactly. The position of these levels 
in the free ion case, for the 7F0_5 terms is at 58,000,51,000,48,000,40,000,31,000, 
and 19,000 cm - 1 respectively. From the LIF spectrum and for the Γ4 Stark compo­
nent, the experimental position of the 7F0_5 terms in the LiLuF4 crystal was found 
to be at 56,000, 50,000, 42,000, 40,000, 31,000, and 15,000 cm - 1, respectively. 
Taking into consideration the fact that the electrons of the 4f8 electronic configura­
tion are well screened by the electrons of the 5d electronic configuration, the posi­
tion of the levels of the 4f8 electronic configuration inside the LiLuF4 crystal should 
be shifted relative to the position of the levels in the free ion case, by few wavenum-
bers, and this situation is reflected well in the experimental data. 
The emission spectrum that covers the spectral region from 193 to 220 nm 
can likewise be assigned to the dipole transitions between the Γ5 Stark compo­
nent of the 4f 75d(7D5) electronic configuration, with maximum of absorption at 
54,400 cm"' and the levels of the 4f8 electronic configuration. In this case the 
Frank-Condon factor of the corresponding transitions has its highest value at 
(52.9 ± 0.2) Χ 103 cm - 1. For these transitions, the following assignments can 
be made within the limits of the experimental error of 200 cm"' for these wave­
lengths. 
4f75d[7D5(r5), 52.9 Χ 103 cm"1] -> 4f8(7F6) + fcv(188.9 nm) 
4f75d[7D5(r5), 52.9 X 103 cm"1] -» 4f8(7F5, 1.5 Χ 103 cm"1) + Av( 194.7 nm) 
4f75d[7D5(r5), 52.9 X 103 cm"1] -» 4f8(7F4, 3.0 Χ 103 cm"1) + /;v(200.2 nm) 
4f75d[7D5(r5), 52.9 X 103 cirT1] -> 4f8(7F3, 4.0 Χ 103 cm"1) + Av(204.5 nm) 
From the LIF spectrum [83], it was found that the position of the Stark compo­
nents of the levels of the 4f8 electronic configuration 7F3_5 in the LiLuF4 crystal 
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Figure 11 Simplified energy diagram shows various transitions of the LIF spectra of 
the LiLuF4:Tb
3+
 crystal. The position of levels of the 4f75d electronic configuration of 
the Tb1+ ion is where the maximum absorption is taking place. 
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is at 40,000, 30,000, and 15,000 cm"', respectively, in agreement with the energy 
position of these levels in the spectral range from 220 to 253 nm. 
The transition around 194 nm could originate as well from the Γ3 Stark 
component, with maximum of absorption at 52,000 at 51,600 cm'1. 
4f75d[7D5(r3), 51.6 Χ 103 cm"1] -» 4f8(7F6) + Av( 193.8-194.7 nm) 
The emission spectrum, which covers the spectral range from 159 to 174 
nm, can be assigned to the dipole transitions between the Γ2 Stark component 
of the 4f 75d(7D5) electronic configuration, and the levels of the 4f8 electronic 
configuration. However, for this spectral range, it is difficult to make any specific 
assignment for the 4f 75d -» 4f8 transitions, due to the presence of intense scat­
tered laser light. Taking into consideration the position of the levels of the Tb3+ 
ions of the 4f8 electronic configuration in the LiLuF4 crystal host, and the emis­
sion spectrum, the following assignments can be made for the 4f 75d —» 4f8 transi­
tions: 
4f75d[7D5(r2), 62.6 Χ 103 c m 1 ] -» 4f8(7F6) + Av( 159.7 nm) 
4f75d[7D5(r2), 62.6 Χ 103 cm"1] -» 4f8(7F4 or 7F3) + Λν(171 nm) 
4f75d[7D5(r2), 59.3 Χ 103 cm"1] -» 4f8(7F6) + Λν(168.6 nm) 
4f75d[7D5(r2), 59.3 Χ 103 c m 1 ] -> 4f8(7F4) + Av( 174.1 nm) 
The transitions at 278, 256.2, and 287.2 nm were assigned to the spin-forbidden 
transitions [173], taking into consideration that the energy position of the 5 D 4 
and 5 D 3 levels of the 4f
8
 electronic configuration in the free Tb3+ ion case is at 
20,500 and 26,000 cm"1, respectively. 
4f75d[7D5(r l), 60,200 cm"1] -> 4f8(5D3) + Av(278 nm) 
4f75d[7D5(r2), 59.3 Χ 103 cm"1] -» 4f8(5D4) + Av(256.2 nm) 
4f75d[7D5(r2), 59.3 Χ 103 cm"1] -* 4f8(5D3) + Av(287.2 nm) 
The transitions at 166.1 and 174.8 nm [83] can be assigned to the interconfigura-
tional transitions originating from the energy position at 60,200 cm - 1. 
4f75d[7D5(r2), 60.2 Χ 103 cm"1] -» 4f8(7F6) + Av( 166.1 nm) 
4f75d[7D5(r2), 60.2 Χ 103 cm"1] -» 4f8(7F4) + Av(174.8 nm) 
E. Holmium 
The LIF spectrum of the LiYF4:Ho
3+
 crystal, under excitation at 157.6 nm with 
the F2 laser, for 0.1 at.% concentration of the Ho
3+
 ion at liquid nitrogen tempera­
ture includes both spin-allowed and spin-forbidden interconfigurational transi­
tions and intraconfigurational transitions [7,174,175]. The emission peak at 171.2 
nm is assigned to the interconfigurational spin-allowed transition from the lower 
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Stark component of the 5H7 term at 63,450 cm ' (157.6 nm) to the % level of 
the 4f '" electronic configuration: 
4f95d(63,450 cm"1) -» 4f 10(5I7) + Av(171.2 nm) 
The spin-allowed transition to the ground 5I8 level (which is expected at 157.6 
nm) was not observed due to the presence of the intense laser scattered light. 
The lowest 7H8 level of the 4f 95d electronic configuration should likewise 
split into four doubly degenerate Stark components in the LiYF4 crystal field. The 
transitions that originate from the Stark components of the 4f 95d (7H8) electronic 
configuration are spin-forbidden and therefore they are expected to be of low 
intensity. The transitions at 167.5 and 165.6 nm are assigned to the spin-forbidden 
transitions as follows: 
4f95d(7H8, 60,380 cm"1)-) 4f l0(5I8) + Av(165.6 nm) 
4f95d(7H8, 59,700 cm"1)-» 4f 10(5I8) + hv( 167.5 nm) 
The LIF transitions from 172.5 to 189 nm were assigned to the 4fl0 —» 4fl0 
intraconfigurational transitions. From both emission and absorption spectra, the 
dipole-forbidden transitions at 172.5, 174, 177.5, 178.5, 181, 185, 188, and 189 
nm were assigned to the transitions from the high excited levels of the 4fl0 elec-
tronic configuration to the ground 5Ig level [174,175]. 
F. Erbium 
The LIF spectrum of the Er3+ ions in LiYF4 crystal hosts of Figure 12 includes 
both spin-allowed and spin-forbidden transitions. The emission bands at 158.6, 
157, and 195 nm were assigned to dipole-allowed transitions from the edge of the 
lower energy level of the 4f l05d electronic configuration to the energy levels of 
the 4f " electronic configuration [9]. Emission at 167-169 nm from an absorption 
band situated at 163 nm [115] was observed for the first time by Sarantopoulou 
et al. [9]. It was assigned to spin-forbidden transitions from the Stark component 
of the 4f " electronic configuration to the ground level 4I|5/2 of the 4f " electronic 
configuration [9,150]. VUV emission of Er3+ ions in various dielectric hosts using 
synchrotron and x-ray excitation has been reported as well [176-179]. 
G. Thulium 
Due to the fact that the laser photons at 157 nm populate the 4f "5d electronic 
configuration of the Tm3+ ions in LiLuF4 crystal hosts just above the edge of the 
band [135], the LIF spectrum of the Li YF4:Tm3+ monocrystals, under the F2 laser 
excitation, exhibits strong interconfigurational transitions in the VUV (Fig. 13). 
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Figure 13 VUV LIF spectrum of LiYF4:Tm3+ crystals under F2 laser excitation. 
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